This paper presented the investigation of failure mechanism of plastic shredding machine's flange coupling which is made of cast steel. The machine unexpectedly stalled a few minutes after High-Density Polyethylene (HDPE) plastic bottles were fed into the machine. It was discovered afterward that the flange broke with the large crack surface. Finite element analysis (FEA) was performed to find the position and value of the critical stresses in the flange during operating condition. Subsequently, hardness test was conducted on the flange body to determine the Brinell hardness which was then converted into the approximate ultimate tensile strength (σu). As a result, a maximum Von Mises stress of 287 MPa was confirmed from the FEA to be concentrated in the flange's keyway. Although this was found to be lower than the approximate σu obtained from hardness testing i.e. 449 MPa, the critical stress indicated an unstable condition which may induce a crack initiation any time when vibration or dynamic load occurs. Based on these analyses, it was concluded that the failure had been initiated by dynamic rather than static loading generated during machine stall condition. The dynamic load caused crack initiation at a stress concentration point of the keyway. The crack then propagated rapidly, breaking the flange body.
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of plastic shredding machine's flange coupling which is made of cast steel. The machine unexpectedly stalled a few minutes after High-Density Polyethylene (HDPE) plastic bottles were fed into the machine. It was discovered afterward that the flange broke with the large crack surface. Finite element analysis (FEA) was performed to find the position and value of the critical stresses in the flange during operating condition. Subsequently, hardness test was conducted on the flange body to determine the Brinell hardness which was then converted into the approximate ultimate tensile strength (σu). As a result, a maximum Von Mises stress of 287 MPa was confirmed from the FEA to be concentrated in the flange's keyway. Although this was found to be lower than the approximate σu obtained from hardness testing i.e. 449 MPa, the critical stress indicated an unstable condition which may induce a crack initiation any time when vibration or dynamic load occurs. Based on these analyses, it was concluded that the failure had been initiated by dynamic rather than static loading generated during machine stall condition. The dynamic load caused crack initiation at a stress concentration point of the keyway. The crack then propagated rapidly, breaking the flange body.
INTRODUCTION
Plastic shredding machine is an important machinery for waste recycling process (Alsalem, 2009 ). The machine is positioned in the first stage of recycling process in order to reduce the storage volume of plastic waste especially for plastic bottles and to simplify the washing process. Figure 1 shows the plastic waste before and after the shredding. Volume-reduction up to 5 (five) times is achieved upon shredding by the machine. This reduction could increase the efficiency of the waste storage which eventually would significantly reduce the total processing cost of plastic waste recycling (Pace et al., 2003) .
Plastic shredding machine is usually designed with zero maintenance, meaning that it is not supposed to be repaired until the end of service except for the blade sharpening and replacement (Bugli and Green, 2005) . This is because the price of the shredding machine should be economical. Thus, purchasing a new plastic shredding machine is considered more efficient than repairing an old one. The only part that might need sharpening or replacement is the blade. Moreover, the blade which is usually made of steel can be hardened for increasing its service life by quenching process which should also consider a corrosion risk in the process (Kurniawan, 2016) . However, it is often difficult to find the spare part due to the special design and also the zero maintenance assumption. In addition, the failure of plastic shredding machine's components during operation might cause termination of the recycling process, which in turn would decrease the potential profit. For these reasons, a plastic shredding machine should be designed to have a good reliability and long service lifetime.
Our mechanical design group has successfully designed a small-scale portable shredding machine with the capacity to shred plastic waste up to 20 kg/hour as requested by our partner. The machine was manufactured using available components in the market. However, it was reported that during the trial period, the machine suddenly stopped during operation just within few minutes after several High-Density Polyethylene (HDPE) plastic bottles were fed into the cutting section. After a preliminary investigation, one flange coupling of the machine was found to be broken, cutting off the load transfer from the electric motor to the shredding cutter. To prevent the incident and increase the reliability of the prototype, we need to understand the failure mechanism of the broken flange coupling. Sapan Raya 1A, Bojongsoang, Bandung). Figure 2a shows a schematic figure of the plastic shredding machine. A 1.5 kW electric motor with a nominal speed of 1400 rpm is used to generate torque. A gear speed reducer with a transmission ratio of 1:10 is deployed before the driving shaft is connected to a flange coupling. The actual pictures of broken flange coupling and its fracture surface are shown in Figure 2b . Figure 3 shows the detailed assembly sketch of the coupling consisting of the flanges, bolts, nuts, cylindrical bars, rings, and rubber surrounding the bolts. After some plastic wastes were put into the hopper, it will be shredded by a cutter made of hardened steel. This cutting process could generate a dynamic loading condition. In overload condition due to excessive input, the wastes might stuck inside the cutter, causing the machine to stop working. When this condition occurs, the flange coupling would have to bear the maximum torque generated by the motor. According to the report during the trial period in the laboratory, the shredding machine suddenly stalled just 5 (five) minutes after some HDPE plastic bottles entered the cutting section. Specifically, flange-2 was found to be broken as shown in Figure 2b . Based on the visual observation, the broken surface indicated that the failure might be caused by a crack initiation near the keyway, then propagated rapidly until finally the flange body tear apart. A granular crack surface was observed, indicating the flange experienced a brittle failure which is the typical failure of cast steel (Batdorf, 1975) . In fact, similar keyway failure has been reported by many researchers such as keyway failure in bridge crane shaft (Zambrano, et al., 2014) , high-speed shaft of pump (Li, et al., 2016; Berndt, et al., 2001) , and elevator drive shaft (Göksenli, et al., 2009 ).
MATERIALS AND METHODS

Mechanism of Plastic Shredding Machine and Its Failure
Keyway failure was not expected because the coupling material was carefully selected so that it could hold the maximum loading generated during stalled condition. In stalled condition, the machine experienced overload. For this, a fail-safe mechanism by sacrificing the flange bolts to protect the flanges is typical in coupling design technique (Budiman, et al., 2016) . This is because the cost to replace the bolts is much cheaper than the flanges. Furthermore, this will also reduce the downtime as compared to replacing the flanges. However, in this case, the flange was broken prior to the bolts. In order to clarify the failure mechanism, stress analysis of coupling structure under overload condition was conducted by FEA.
Finite Element Analysis
The finite element model was made by 3D CAD software SolidWorks 2016. First, it was redrawn following the actual geometry of the broken coupling as described in Figure 3 . Then, FEA of the model was performed using the integrated tools provided in SolidWorks 2016. The contact surfaces connecting to the flanges were defined as 'no penetration' contact, thus neglecting friction. Other contact surfaces were defined as tie-contact in which separation and penetration were prohibited. The boundary condition of shaft-2 was fixed (no rotation allowed), while a torque moment (T) was applied to shaft-1. The torsional loading from the torque was transferred from shaft-1 to flange-1 via key-1. Then, the load was transferred to flange-2 via the bolts. Finally, the load from flange-2 via key-2 was received by shaft-2, but, it was not allowed to rotate due to the fixed boundary condition.
The torque as the input data of FEA was calculated based on the available power of the electric motor. In this case, the relation as depicted in Equation 1 was used for the calculation.
= (1)
In the above equation, P is the power in W, T is torque in Nm, and ω is the angular velocity in rad/s. In this case, the power of electric motor (P) was 1500 W and ω was (2 x 140/60) rad/s. As a result, T of 102.4 Nm was obtained.
A linear elastic material without failure criterion is applied to the model. The flange material was cast steel with elastic modulus and Poisson`s ratio of 210 GPa and 0.3, respectively. This setting is appropriate because the purpose of the FEA was just to find the location and value of the critical stress. Furthermore, since the FEA was focused on analyzing the stress condition of the flange body, the other coupling components were considered as the rigid body so that they may be excluded from the stress analysis.
After the torque and boundary conditions were properly defined, meshing process was then conducted. Selection of the meshing element size should be conducted carefully in order to make sure the stress obtained from FEA represents the real condition. A coarse mesh might produce an irrelevant FEA result and far from reality. In contrast, a fine mesh will give an accurate result but may consume a long time. Thus, the meshing element size should be selected by considering both conditions. In this work, four kinds of meshing element sizes were applied in the FEA model with four nodes forming tetrahedron.
In order to investigate whether the flange was broken due to static or dynamic loading, hardness testing was carried out to estimate the σu of the flange material. The value will be compared with the critical stress obtained from the FEA.
Material Testing
Brinell hardness indentation test was conducted in order to evaluate the σu of the flange material as shown in Figure 4 (a) (ISO 6506-1, 2014) . The flange surface is firstly polished by sandpaper to obtain a good accuracy of the test. The compressive force (F) imposed to the specimen was 3 kN with the diameter of ball indenter (D) was 10 mm. The indentation test was conducted at more than 5 different locations on the surface because each indentation only represents localized hardness of the material. The measured Brinell hardness numbers (HB) were then averaged. After the test, the diameter (d) of the indentation circle was measured with the aid of microscope as shown in Figure 4(b) .
HB was calculated by Equation 2 as:
The HB values are then converted to σu by using Equation 3 as follows (Gaško, 2011; E.J. Pavlina, 2008 ), Other components such as shafts, bolts, and keys are excluded from the Figure. It can be seen that regardless of the meshing element size, the model exhibited a relatively lowstress value of between 0 and 150 MPa in most parts of its body. However, a critical stress was observed at the keyway area. This very high-stress concentration might be generated because of the sharp corner of the keyway. (Dahlberg, 1997) . In addition, the results demonstrate that selection of mesh size is critical for FEA, since different mesh size may result in a different conclusion.
From the Brinnel hardness indentation tests, six locations were selected as shown in Figure 6 (a). Location-1, however, should be excluded from the analysis because the indenter contacted the edge of the flangehub during the test. The results of HB values calculated from Equation 2 were then plotted as shown in Figure 6(b) . Furthermore, considering criterion expressed in Equation 3, an averaged σu value of 449 MPa was obtained. Comparing this value with the critical stress at the keyway shown in Figure  5(d) , it is confirmed that the stress concentration of 287 MPa was lower than the σu value but slightly higher than the endurance limit which may be calculated as half of σu or 224.5 MPa (Stephens, 2014) . Hence, this high-stress value should not create static failure at the keyway. However, as the machine is operated, vibration occurs due to the dynamic load from the cutting action (Han, 2014) . As a result, fluctuating load comes into play and produce relative motion between the key and its keyway. This might have aggravated the stress condition, especially at the stress concentration area, thus may have generated an unstable condition. Due to the above, a small crack Learning from the above, in order to improve the new flange, stress concentration at the keyway should be avoided by two approaches. The first approach is by changing the keyway geometry such as adding fillet in the corner (Pedersen, 2010; Orthwein, 1979) . The fillet will redistribute the stress at the corner which in turn will reduce the stress concentration. However, this approach is not economical because of the relatively high machining cost. In the second approach, stress concentration may be avoided by selecting ductile materials such as middle-class low carbon steel. Even though the σu of the steel might be lower than the concentrated stress, the plastic deformation of the material may redistribute the stress and significantly reduce the stress concentration. In this case, the second approach was selected and implemented for the flange-2 coupling as shown in Figure 7 . Following the modification, the machine operates properly as required by the design. 
